The RAG1/RAG2 endonuclease (RAG) initiates the V(D)J recombination reaction that assembles immunoglobulin heavy (IgH) and light (IgL) chain variable region exons from germline gene segments to generate primary antibody repertoires 1 . IgH V(D)J assembly occurs in progenitor (pro-) B cells followed by that of IgL in precursor (pre-) B cells. Expression of IgH m and IgL (Igk or Igl) chains generates IgM, which is expressed on immature B cells as the B-cell antigenbinding receptor (BCR). Rag expression can continue in immature B cells 2 , allowing continued Igk V(D)J recombination that replaces the initial VkJk exon with one that generates a new specificity 3-5 . This 'receptor editing' process, which can also lead to Igl V(D)J recombination and expression 3,6,7 , provides a mechanism whereby antigen encounter at the Rag-expressing immature B-cell stage helps shape pre-immune BCR repertoires. As the major site of postnatal B-cell development, the bone marrow is the principal location of primary immunoglobulin repertoire diversification in mice. Here we report that early B-cell development also occurs within the mouse intestinal lamina propria (LP), where the associated V(D)J recombination/receptor editing processes modulate primary LP immunoglobulin repertoires. At weanling age in normally housed mice, the LP contains a population of Rag-expressing B-lineage cells that harbour intermediates indicative of ongoing V(D)J recombination and which contain cells with pro-B, pre-B and editing phenotypes. Consistent with LP-specific receptor editing, Rag-expressing LP B-lineage cells have similar V H repertoires, but significantly different Vk repertoires, compared to those of Rag2-expressing bone marrow counterparts. Moreover, colonization of germ-free mice leads to an increased ratio of Igl-expressing versus Igk-expressing B cells specifically in the LP. We conclude that B-cell development occurs in the intestinal mucosa, where it is regulated by extracellular signals from commensal microbes that influence gut immunoglobulin repertoires.
B-cell development might occur in the mouse gut and, thereby, allow Rag expression to diversify gut B cell pre-immune repertoires.
To test for RAG expression, we used our Rag2 reporter mice, which contain a functional fusion with the green fluorescent protein gene (Rag2-Gfp) within the endogenous Rag2 locus that provides Rag2 expression functionally equivalent to that of the endogenous Rag2 gene 15, 16 . We used flow cytometry to test for RAG2-GFP in lymphocytes from mesenteric lymph nodes, small intestinal LP and intraepithelial lymphocytes of 3-week-old mice. Cells were gated on the CD19 pan-Blineage marker, and GFP was plotted against the B220 pan-B-lineage marker. Staining with dual B-cell markers was done to optimize true GFP signal over background auto-fluorescence, which in wild-type controls was approximately 0.1% (Fig. 1a ). With this method, we found essentially no Rag2-expressing B-lineage cells in the intraepithelial lymphocytes and mesenteric lymph nodes (Fig. 1a ). However, we did find a population of Rag2-expressing, CD19 1 B220 low cells within the LP that comprised approximately 3% of total CD19 1 cells (Fig. 1a ). Quantitative PCR (qPCR) revealed Rag1 and Rag2 expression in wild-type small intestinal LP at a level of about 1-10% that of total bone marrow (BM), but little or no Rag1 or Rag2 expression in mesenteric lymph node or intraepithelial lymphocyte cells ( Supplementary Fig. 1 ), confirming the flow cytometry results found with the Rag2-Gfp reporter mice. Large intestinal LP contained GFP 1 B-lineage cells as well, but at a lower level compared to that in the small intestinal LP ( Supplementary  Fig. 2 ). We did not find RAG2-GFP in Peyer's patch B cells (Supplementary Fig. 3 ) or mucosal T cells ( Supplementary Fig. 4 ).
We examined various stages of early postnatal development to determine if levels of RAG2 1 B-lineage cells in the gut LP change over time. The proportion of LP RAG2-GFP 1 cells among total CD19 1 cells was low (,0.5%) in the first week of life; however, after that it gradually increased with levels peaking at approximately 4% at age 18-23 days before decreasing to undetectable levels by postnatal day 35 ( Fig. 1b) . In contrast, the CD19 1 B-cell population of peripheral blood contained 20-40% RAG2-GFP 1 cells during the first week of life, which then decreased over time to undetectable levels over the next 4 weeks ( Fig. 1c) . Similarly, RAG2-GFP 1 cell levels in the spleen appeared highest (10-15%) in the first week of life before decreasing to undetectable levels (Fig. 1d ). The finding of low (,0.5%) levels of RAG2-GFP 1 cells in the gut LP in the first week of life, despite the presence of substantial proportions of RAG2-GFP 1 cells in the peripheral blood and spleen, suggests that the mechanism responsible for the later emergence of RAG2 1 cells in the gut may not be due to nonspecific dissemination driven by high levels of these cells in the blood. As RAG2 1 LP B-lineage cells do not express proteins known to promote gut lymphocyte tropism such as the a4b7 integrin or the CCR9 chemokine receptor ( Supplementary Fig. 5 ), mechanisms underlying their appearance in the gut remain to be determined.
Sixteen days after intraperitoneal alum injection, RAG2-GFP 1 cells accumulate in the peripheral blood and spleens of adult mice owing to increased bone marrow output after initial alum-mediated bone marrow suppression 17, 18 . To determine if the gut LP in adult mice maintains ability to support RAG2 1 B-lineage cells, we injected 4-6-month-old Rag2-Gfp mice with intraperitoneal alum and examined gut tissues on day 16. Following alum injection, low levels of RAG2-GFP 1 B-lineage cells appeared in intraepithelial lymphocytes, mesenteric lymph nodes and Peyer's patches; however, the most striking accumulation was in the LP, where RAG2-GFP 1 cells made up about 2.5% of total CD19 1 cells ( Supplementary Fig. 6a, b ). Appearance of RAG 1 B-lineage cells in the spleen and blood following alum injection is mediated by tumour necrosis factor alpha (TNF-a) 19 . To determine whether appearance of RAG 1 B-lineage cells in the small intestinal LP at weaning age is also TNF-a-dependent, we measured LP Rag1 and Rag2 expression by qPCR in 3-week-old Tnfa (also known as Tnf) knockout and wild-type control mice and found no differences ( Supplementary Fig. 6c, d) . Thus, the mechanism of gut LP RAG 1 B-lineage cell accumulation at weaning age seems distinct from that of peripheral RAG 1 cell accumulation that occurs after alum immunization.
RAG-expressing B-lineage cells in the BM comprise a heterogeneous population of early developmental subsets including pro-B, pre-B and immature B cells undergoing receptor editing 20 . The expression patterns of Igm and Igk (which accounts for ,95% of mouse IgL) can be used to distinguish these groups 5, 21 . In this context, productive assembly of Igh V(D)J exons in pro-B cells leads to the cytoplasmic Igm 1 pre-B cell stage 21 . Assembly of Igk VJ exons in pre-B cells leads to formation of IgM and differentiation to the surface IgM 1 immature B cell stage. Ragexpressing cells with cytoplasmic Igk and low or absent surface IgM have been defined as immature B cells undergoing receptor editing 2, 5, 17 . Staining of fixed/permeabilized CD19 1 B220 low RAG2-GFP 1 LP B cells for cytoplasmic Igm and Igk revealed similar relative levels of pro-B cells (Igm 2 , Igk 2 ), pre-B cells (Igm 1 , Igk 2 ) and editing B cells (Igm 1 , Igk 1 , RAG2 1 ), respectively, to those of the BM ( Fig. 2a and Supplementary Fig. 7 ). Live CD19 1 B220 low RAG2-GFP 1 LP B cells that were surface IgM positive also had similarly low IgM levels to those of this putative editing B-lineage subset in BM ( Fig. 2a and Supplementary Fig. 7 ). In addition, ligation-mediated qPCR further showed that sorted RAG2-GFP 1 LP B cells had a similar level of RAG-dependent DNA double-strand breaks at Jk as RAG2-GFP 1 BM B-lineage cells ( Fig. 2b) , demonstrating that Igk V(D)J recombination takes place in the RAG2 1 LP B cells at levels similar to those in RAG2 1 BM B-lineage cells. Finally, microarray analysis of RAG2 1 B-lineage cells in weanling age gut LP revealed no significant differences in general transcript expression profiles in RAG2 1 LP and RAG2 1 BM B-lineage cells (Supplementary Fig. 8 ), demonstrating a strong similarity between RAG2 1 cells in these two sites. Overall, these data indicate that the LP Rag2-expressing B-lineage cells contain early B-lineage developmental subsets representative of those found in the BM, supporting the occurrence of B-cell development in the LP.
We performed immunohistochemistry to confirm the LP localization of early B-lineage cells in mice at postnatal day 18-23. The terminal deoxynucleotidyl transferase (TdT) enzyme is present in pro-B cells and mediates addition of random nucleotides to IgH V(D)J DNA ends during V(D)J recombination to increase IgH V(D)J junctional diversity 22 . Staining for TdT, which is expressed similarly in BM and LP RAG2 1 B-lineage cells ( Supplementary Fig. 8 ), revealed a dense nuclear expression pattern (brown) in small intestinal LP cells similar to TdT 1 cells in the BM (Fig. 1e ). Small intestine sections were also subjected to dual staining for B220 plus TdT, which showed that the TdT 1 cells were also faintly B220-positive, analogous to TdT 1 cells in the BM (Supplementary Fig. 9 ). There were also cells in the small intestinal LP that stained strongly for B220 but were TdT 2 , representing more mature B-cell populations ( Supplementary Fig. 9 , black arrows). TdT 1 cells were distributed throughout the LP, including within villi; however, they generally appeared to be more proximal to bases of villi, closer to the serosal 
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(antiluminal) intestinal surface compared to B220 high TdT 2 B cells ( Supplementary Fig. 10 ). These data indicate that gut-resident early B-lineage cells inhabit a generally distinct location within the LP compared to more mature B cells. Immunohistochemistry studies of human fetal intestine also identified serosally positioned pre-B cells in the intestinal LP, suggesting that similar early B-cell development may occur in the human gut 23 .
Given our finding of primary B-cell development in the mouse intestinal LP, we asked whether this process contributes to differential diversification of pre-immune repertoires in developing RAG2 1 LP B-lineage cells versus those from BM. To test this, we isolated RNA from sorted RAG2-GFP 1 cells from the BM and LP ( Supplementary Fig. 11 ) of 3-week-old Rag2-Gfp mice, and assessed productive V H and Vk use through 59 rapid amplification of complementary DNA ends (59RACE) generated from mature immunoglobulin gene transcripts, followed by 454 sequencing. To best visualize potential V segment usage differences between RAG2-GFP 1 cells from LP versus BM, we plotted V segment use from the two sources against individual in-frame V segments in the order of highest to lowest usage in RAG2-GFP 1 BM cells ( Fig. 3 and Supplementary Fig. 12 ). These studies showed that V H usage was very similar in RAG2-GFP 1 LP cells and RAG2-GFP 1 BM cells (x 2 test, P 5 0.235) ( Fig. 3a and Supplementary Fig. 12a ). As a positive control for the method, comparison of V H usage between RAG2 1 BM and total non-sorted splenic B cells showed an expected highly significant difference (x 2 test, P 5 2.2 3 10 216 ) ( Supplementary Fig. 13a ). The similar V H repertoires of RAG2 1 BM and LP B-lineage cells suggests that V H use during primary IgH V(D)J recombination occurs similarly in the two locations. In contrast, we observed prominent and highly significant differences in Vk usage in RAG2-GFP 1 cells from LP versus BM (x 2 test, P 5 0.00084) ( Fig. 3b and Supplementary Fig. 12b) ; as a negative control, we observed no significant overall differences in Vk usage between RAG2 1 BM samples compared with other RAG2 1 BM samples; or RAG2 1 LP samples compared with other RAG2 1 LP samples from separate pools of mice (x 2 test, P 5 0.560 and 0.545, respectively) ( Supplementary Fig. 13b, c) . The finding of different Vk repertoires within RAG2 1 LP and BM B-lineage cells indicates that the LP versus BM location of B-cell development may influence Vk usage in developing B cells. In this regard, the very similar V H repertoires of LP and BM RAG2 1 B-lineage cell indicates that a probable explanation for the marked difference in the LP Vk repertoires from those of BM is that they are generated in the RAG2 1 receptor-editing LP B-cell population.
Intestinal microflora have been shown to influence immune cell development in terms of lymphoid organization and T-cell subset accumulation and activity, both locally in the gut as well as systemically 24 . To assess the influence of microflora on B-cell development, we cohoused 3-week-old wild-type Swiss-Webster germ-free mice with regular specific pathogen free (SPF) mice for 7 days. Gram staining of small intestine contents was performed to confirm bacterial colonization of co-housed mice ( Supplementary Fig. 14) . We used qPCR to assay colonized mice and germ-free littermates for Rag1 and Rag2 expression, which was normalized to Cd19 expression. In accord with ability of microflora to induce systemic effects on immune cell development 24 , we observed colonization-dependent increases in Rag1 and Rag2 expression in the BM and spleen, as well as the gut LP ( Supplementary Fig. 15 ). We also found pro-B cells (identified as CD19 1 B220 low CD43 1 ) to represent an increased percentage of total CD19 1 B cells in colonized mouse BM and LP, and potentially in the colonized spleen ( Fig. 4a and Supplementary Fig. 16 ), correspondingly, the increased Rag expression in these tissues probably derives from the increased percentage of pro-B cells. We conclude that gut microflora induce increased levels of pro-B cells systemically, including in the gut LP, in previously un-colonized weaning-age mice.
Given our finding of different Vk repertoires in LP versus BM RAG2 1 B-lineage populations that might be generated via receptor editing, we examined the ratio of Igl 1 to Igk 1 B cells in the LP of colonized mice versus their germ-free mice littermates. In this regard, increased Igl usage in the B-cell repertoire is another marker of receptor editing 3, 6, 7 . Notably, colonization led to a significant and reproducible increase of the ratio of Igl 1 to Igk 1 B cells in the LP but not the BM or spleen ( Fig. 4b and Supplementary Fig. 17 ), consistent with a commensaldependent process leading to increased editing specifically within LP B cells. However, as these analyses were not performed in Rag2-Gfp mice, only total B-cell populations could be analysed. Therefore, a non-mutually exclusive possibility would be selection for Igl 1 B cells in the gut after colonization with commensal microbes, a phenomenon not previously described. In this regard, we do find significant differences in both V H and Vk segment usage in the LP IgM 1 B-cell population of colonized mice compared to germ-free littermates (Supplementary Fig. 18 ), indicating presence of commensals influences both IgH and IgL mature B-cell repertoires.
Consistent with growing evidence demonstrating that the microflora act as a regulators of T-lymphocyte subsets 24 , we find that weanlings harbour an intestinal LP B-cell developmental process that is influenced in germ-free mice by microbial colonization. As weaning is concurrent with microbial expansion 25 , occurrence of Rag-expressing B-lineage cell accumulation in weanlings may have evolved to allow B-cell primary repertoires to be modulated in response to colonization. In this regard, our findings also suggest that this LP B-cell developmental process includes BCR editing, which may contribute to significant differences in the primary Vk repertoire of LP versus BM B-lineage populations. Past studies have implicated BCR editing in the BM as a negative selection process, largely based on studies of B cells engineered to make specific self-reactive, high-affinity BCRs. Given the natural repertoire in our studies, the degree to which the observed BCR-editing process in the gut represents a tolerance mechanism is unclear. However, given the potential special role of the gut in pre-immune diversification experiments. The x 2 calculated P values for overall differences between BM and LP are indicated. Significant V segment usage differences between BM and LP are indicated on heat map (P values scale indicated in inset). Full data set at increased resolution is in Supplementary Fig. 12 .
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in other vertebrates, RAG-dependent editing in the LP may also contribute diversification-related roles. In addition, immature gut-derived B cells also may have specialized roles, such as those suggested for immature splenic B cells 26 . Finally, primary B-cell development in the intestine, including mucosal B-cell receptor editing, might allow both luminal antigens and peripheral host mucosal components opportunities to shape the pre-immune repertoire. In this regard, the transient nature of LP B-cell development implies that there may be windows of opportunity for this influence to occur.
METHODS SUMMARY
All experiments with mice followed the protocols approved by the Animal Resources at Children's Hospital (ARCH) review committee and performed in accordance with NIH guidelines. Mice harbouring the Rag2-Gfp knock-in fusion gene at the endogenous locus were described previously 15 and were maintained on a 129/SvJ background. Wild-type BALB/c mice were purchased from Jackson Laboratories. Swiss-Webster germ-free mice were purchased from Taconic Farms. Peyer's patches, intraepithelial lymphocytes and LP lymphocytes were isolated essentially as described 27 . LETTER RESEARCH
